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OBJECTIVES We hypothesized that structural and neural cardiovascular (CV) deficits may be intimately
linked. Specifically, decreased carotid distensibility with age may blunt the arterial baroreflex,
thereby reducing resting cardiac vagal tone.
BACKGROUND Increased CV risk is associated with lower carotid distensibility, impaired baroreflex function
and reduced respiratory sinus arrhythmia (RSA), possibly representing a direct path between
structural and neural CV deficits.
METHODS We estimated the mechanostructural and neural components of baroreflex function and
examined their relation to RSA in young (20 to 31 years) and older (59 to 71 years) subjects
rigorously screened for CV and autonomic diseases.
RESULTS In the older subjects, RSA was  20% of that in the younger subjects. Moreover, mechanical
transduction of pressure into barosensory vessel stretch was 40% lower (p  0.05) and
arterial baroreflex gain more than 60% lower (p  0.05) in the older group. Although neural
transduction of stretch into vagal outflow only tended to be less (p  0.08), it was an
important determinant of baroreflex function. A path analysis model showed comparable
contributions of both the mechanical and neural components to baroreflex gain; however,
lower overall baroreflex gain in the older group did not relate to lower RSA.
CONCLUSIONS These data suggest that decreased carotid distensibility does reduce baroreflex function with
age, but this does not lead to reduced resting vagal outflow. (J Am Coll Cardiol 2002;39:
1524–30) © 2002 by the American College of Cardiology Foundation
Cardiovascular (CV) morbidity and mortality increase with
age, in part as a result of structural changes. Arterial vessels
undergo age-related degeneration of the medial layer, cross-
linking of elastin and collagen, and accumulation of calcium
deposits (1,2) that reduce distensibility. Reduced distensi-
bility, especially in elastic vessels such as the carotid artery,
has been shown to relate directly to risk for cardiac events
(3). Cardiac vagal function also demonstrates age-related
deficits; tachycardic responses to cholinergic blockade de-
cline (4), number of central vagal neurons decrease (5), and
sinoatrial node muscarinic receptor density is reduced (6)
with age. Respiratory sinus arrhythmia (RSA), a commonly
used index for resting vagal tone, is a key prognostic
indicator of cardiac health (7,8) and declines logarithmically
with age (9). Although structural and neural deficits may
have independent impact on CV function and health, it is
possible that they are intimately linked (10).
Decreased carotid distensibility may relate to CV risk by
blunting arterial baroreflex function and thereby reducing
cardiac vagal tone. Afferent nerves embedded in the carotid
walls are stretch sensitive (11), and they determine barore-
flex responses that buffer arterial pressure changes (12,13).
Decreased distensibility would effectively desensitize these
receptors and reduce baroreflex-mediated autonomic out-
flow in response to pressure changes. Decreased baroreflex
sensitivity could lead directly to lower vagal tone as the
arterial baroreflex may be a primary determinant of resting
cardiac vagal outflow. Pharmacologically determined vagal
tone is highly correlated to baroreflex sensitivity (13), and,
in fact, RSA may derive directly from arterial baroreflex
stimulation through waxing and waning arterial blood
pressure at the respiratory cycle (14,15). Thus, increased CV
risk associated with lower carotid distensibility (16), arterial
baroreflex function (17), and RSA (18) may represent a
direct path between structural and neural CV deficits.
We hypothesized that the age-related decline in carotid
distensibility is related to decreased resting cardiac vagal
tone through blunting of the arterial baroreflex. We used
our recently developed technique (19) to estimate mech-
anostructural and neural afferent– efferent components of
arterial baroreflex function. If reduced vagal tone is
related to decreased distensibility then there should be a
direct path from the structural baroreflex component to
RSA through arterial baroreflex gain. Therefore, we
examined the relation of RSA to arterial baroreflex gain
and its neural and structural components in both young
and older individuals.
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METHODS
Subjects. Fifteen young (20 to 31 years; 5 women) and 9
older (59 to 71 years; 2 women) volunteers were screened
and selected according to these criteria: 1) no signs or
symptoms of heart disease, hypertension (pressures
150/90 mm Hg), diabetes, neurologic disease or cancer; 2)
normal resting electrocardiogram [ECG]; 3) no recent
weight change; 4) no regular tobacco use; 5) body weight
within 15% of ideal; and 6) no current use of cardioactive
medications. Older subjects were screened with a Bruce-
graded exercise test and a full carotid ultrasound examina-
tion to exclude coronary heart disease and carotid vascular
disease. Subject characteristics are shown in Table 1. The
study was approved by the Institutional Review Board at the
Hebrew Rehabilitation Center for Aged. All subjects gave
written informed consent.
Protocol and measurements. Supine subjects were instru-
mented with 3-lead ECG for RR-interval, finger photo-
plethysmograph for beat-by-beat arterial pressures (Fi-
napres, Ohmeda Medical, Baltimore, Maryland), oscil-
lometric arm cuff for a standard measure of brachial arterial
pressures to calibrate finger pressures (Dinamap, GE Med-
ical Systems, Mount Prospect, Illinois), elastic respiratory
transducer bands for breathing depth and frequency (Respi-
trace, NIMS, Miami Beach, Florida) and an antecubital
venous catheter for drug infusions. Subjects rested quietly
for at least 5 min prior to the first trial of paced breathing
and pharmacologic baroreflex testing. Three paced breath-
ing and pharmacologic baroreflex trials were performed with
15 min recovery between trials.
Respiration-related RR-interval fluctuations were used to
assess basal cardiac vagal outflow. Phasic vagal modulation
with respiration results in RSA, an oscillation proportional
to the mean level of cardiac vagal outflow (20). The ECG
was recorded during 5 min of paced frequency breathing (15
breaths/min). Paced breathing avoids breathing frequency
changes, which influence RSA magnitude and alter its
relation to vagal outflow (13).
After paced breathing, baroreflex testing was conducted
using our recently developed approach (19). This technique
provides robust linear gain estimates for arterial baroreflex
gain and its mechanical and neural components. Arterial
pressure is reduced below threshold and raised through
linear and saturation regions, providing clear determination
of linear relations. Moreover, acquisition of B-mode ultra-
sound common carotid images allows determination of
carotid diameters on a near beat-by-beat basis. Briefly, we
acquired the ECG, beat-by-beat arterial pressures (Fi-
napres) and longitudinal common carotid artery images
(Hewlett-Packard 7.5 MHz [Palo Alto, California]; Data
Translations DT3152 Frame Grabber; Information Integ-
rity CVI Acquisition software, Stowe, Massachusetts) im-
mediately before and for 2 min after sequential boli of
100 g nitroprusside followed in 60 s by 150 g phenyl-
ephrine. This allowed estimation of mechanical transduc-
tion of pressure into barosensory vessel stretch (diameter/
pressure), neural transduction of stretch into vagal outflow
(RR/diameter) and conventional integrated cardiovagal
baroreflex gain (RR/pressure).
Analysis. All waveforms were stored to computer for
signal-processing and subsequent analysis (Dataq Instru-
ments WINDAQ software [Akron, Ohio]; DSP Develop-
ment DADiSP software [Newton, Massachusetts]). Digi-
tization at 500 Hz allowed accurate measurement of RR-
interval to the nearest 2 ms. The RR-intervals were derived
from time difference between successive R-wave peaks.
Systolic and diastolic pressures were derived from maxima
and minima of the pressure waveform.
Common carotid internal diameters were determined
from digitized images by custom software (Information
Integrity CVI Analysis software). Several points in proxim-
ity to near and far wall edges were selected, and the program
fit an interpolated spline to each set of preliminary edge
points and determined the best edge point from the inter-
polated line. Near and far wall edge points were modeled as
parabolas constrained to have the same curvature, and
diameter was estimated from the distance between parabo-
las. User-selected preliminary edge points were reused for
successive images to reduce variance in the diameter time
series.
Respiratory sinus arrhythmia was quantitated from power
spectral analysis of each 300 s RR-interval time series during
paced breathing. The time series was interpolated to 4 Hz;
based on the Welch algorithm (21), seven overlapping
periodograms were averaged to produce the spectrum esti-
mate for the entire time series. Power within the respiratory
frequency band, defined as 0.2 to 0.3 Hz, was summed to
estimate RSA.
Arterial baroreflex gain and neural and mechanical com-
Abbreviations and Acronyms
CV  cardiovascular
ECG  electrocardiogram
RSA  respiratory sinus arrhythmia
Table 1. Subject Characteristics
Age
(yrs)
BMI
(kg/m2)
Resting Heart Rate
(beats/min)
Resting Systolic
Pressure
(mm Hg)
Resting Diastolic
Pressure
(mm Hg)
Resting Systolic
Carotid Diameter
(mm)
Resting Diastolic
Carotid Diameter
(mm)
Young 25.1  0.7 22.9  0.5 59  2 115  3 66  2 6.86  0.18 6.35  0.18
Older 66.5  1.4 23.5  0.9 60  3 124  4 72  3 6.98  0.10 6.70  0.11
BMI  body mass index.
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ponents were derived from the associations among RR-
interval, systolic pressure and systolic carotid diameter
during the drug-induced rise in arterial pressure. Beat-by-
beat values for each parameter were averaged across 3 mm Hg
pressure increments to account for respiration-related vari-
ations and increase confidence in the relations among
variables. Three linear relations were extracted from the
sigmoid relations between: systolic carotid diameter and
systolic pressure, representing the mechanical baroreflex
component; RR-interval and systolic pressure, representing
the integrated baroflex gain; RR-interval and carotid systolic
diameter, representing the neural baroreflex component.
Each linear relation was independently determined; that is,
saturation and threshold regions were excluded from each
relation without regard to where these regions might lie in
the other two. (In addition, it should be noted that no a
priori mathematical dependency exists among relations
derived from three independent measures.)
Image consistency throughout pharmacologic interven-
tions requires three baroreflex trials to obtain duplicate trials
with adequate images for analysis on all subjects. Values
were averaged across two trials or across the two best trials
(highest r values) in subjects with three adequate trials. A
minimum value of r  0.65 identified significant relations
among variables. Across all subjects and all trials, the three
relations averaged r  0.86. High reproducibility of these
measures has been shown previously (19), and was compa-
rable in these young and older subjects. Values for RSA
were averaged from the two trials used for baroreflex
assessment.
Statistics. Differences were assessed by Student’s t-test
with p  0.05. To determine whether the hypothesized
indirect connection of vascular distensibility to vagal tone
through the arterial baroreflex existed, we used an extension
of multiple regression, structural equation modeling (22).
For our application, we used a path analysis, which hypoth-
esizes specific relations among variables and tests the model
with a linear equation system. The a priori relationships
among the arterial baroreflex, its components, and RSA
were defined and a path diagram was constructed to
represent direct and indirect effects. Path coefficients (beta
weights) were calculated from structural equations reflecting
defined effects. The goodness of overall model fit was
determined by a nonsignificant chi-square and path coeffi-
cients were considered significant if r2  0.5 for the
predicted variables (baroreflex gain and RSA).
RESULTS
Figure 1 illustrates the baroreflex gain and its mechanical
and neural components in one young and one older subject.
The mechanical component was somewhat less sensitive in
the older subject, indicating reduced carotid distensibility.
However, arterial baroreflex gain in this subject was less
than half that in the younger volunteer, a difference not fully
accounted for by the 15% lower distensibility. Thus, the
lesser sensitivity of the neural component in this older
subject compared to the younger counterpart importantly
contributed to the lower arterial baroreflex gain. Differences
in these examples broadly applied to the groups as a whole
(Fig. 2). Mechanical transduction of pressure into barosen-
sory vessel stretch was 40% lower in the older subjects.
However, arterial baroreflex gain was 60% lower; thus,
even though differences in neural transduction of stretch
into vagal outflow only approached significance, it likely
played an important role in reducing baroreflex function in
the older group.
Figure 3 illustrates RSA in the young and older subjects
from Figure 1. Respiration-related RR-interval fluctuations
were profound in this young subject, resulting in large
RR-interval power at the respiratory frequency. In contrast,
the older subject had markedly lower RSA, despite a longer
Figure 1. Examples of arterial baroreflex data from one young and one older volunteer.
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average RR-interval. In the groups as a whole, RSA in older
subjects was 20% of that in the young volunteers (8,439 
2,457 ms2 vs. 50,131  5,676 ms2).
The path analysis was devised to explore hypothesized
links between these age-related differences (Fig. 4). Direct
paths were defined from mechanical and neural baroreflex
components to arterial baroreflex gain and from the barore-
flex to RSA. This predicts that carotid distensibility would
impact vagal tone indirectly through the baroreflex. In
addition, a direct path was defined from the neural barore-
flex component to RSA, representing that portion of phasic
cardiac vagal outflow not mediated through the baroreflex.
The model was significant with subjects both pooled and
separated by age. Because coefficients differed between
groups, only separate results are presented. The paths from
mechanical and neural components to baroreflex gain were
significant for both groups, but much stronger in older
subjects. There was no path from the arterial baroreflex to
RSA. This indicates carotid distensibility did not affect
resting cardiac vagal tone and that the arterial baroreflex
evidenced no role in generating RSA in these supine
subjects. The strongest relation was between the neural
component and RSA in the older subjects. This suggests
that a cardiac vagal deficit with age impacts both arterial
baroreflex function and resting vagal outflow, indepen-
dently.
DISCUSSION
We found that the age-related arterial baroreflex decline is
associated with both structural and neural deficits, whereas
the decreased RSA is related only to a neural deficit. These
data are important for the interpretation of three indices for
cardiovascular risk: carotid arterial distensibility, arterial
baroreflex sensitivity and RSA. Our data suggest that
vascular structural changes may not directly affect resting
vagal tone, but they do have autonomic sequelae by deter-
mining baroreflex sensitivity. If this holds for cardiovascular
diseases, it suggests that baroreflex sensitivity as a predictor
of morbidity and mortality may capture information per-
taining to both arterial stiffening and cardiac vagal function,
whereas RSA may not.
Effects of vascular structural deficits. Vascular changes
associated with aging, especially in the aorta and carotid
arteries, predict CV morbidity and mortality (16,23). Intu-
itively, a stiffer arterial vasculature may be related to greater
CV morbidity and mortality due to increased systemic
arterial pressures (24) and myocardial afterload stresses (25).
However, across normotensive and hypertensive individuals,
high resting heart rates are associated with greater carotid
stiffness (26) and low baroreflex sensitivity relates to lower
carotid compliance (27). Thus, it is reasonable to hypothe-
size that arterial distensibility could also exert effects on
autonomic nervous control.
Indeed, we found that the age-related decrease in me-
chanical transduction of arterial pressure into carotid stretch
significantly reduced baroreflex sensitivity. However, lesser
carotid distensibility was not linked to reduced RSA. Thus,
the autonomic effect of reduced distensibility in our older
subjects was confined to blunting baroreflex sensitivity.
Although some data suggest that the baroreflex is the
primary driving force for cardiac vagal tone (13) and for
vagally mediated heart period fluctuations at the respiratory
frequency (14), the baroreflex role in generating RSA may
be minimal in supine subjects (28) and sympathetic effects
on RSA can be significant (29). Therefore, it is not
surprising that our analysis did not suggest a direct path
from lesser distensibility to reduced RSA through lower
cardiovagal baroreflex gain.
Figure 2. Data for the mechanical baroreflex component, arterial baroreflex
gain and neural baroreflex component from young and older volunteers (far
left and far right of each panel). Mean, SE and p value are shown in the
center of each panel.
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Effects of vagal neural deficits. Cardiac vagal outflow is
crucial for both baroreflex-mediated bradycardic responses
(30) and nearly all frequencies of heart rate variability (31).
Both have significant prognostic value for cardiac mortality
(18,32) because of the cardioprotective effects of this com-
mon vagal effector. We found that neural control of brady-
cardic responses was low and that it strongly determined
baroreflex gain in older individuals. Moreover, we found a
link between age-related reductions in our neural baroreflex
component and RSA. Thus, a generalized vagal deficit may
result in both lesser baroreflex-mediated bradycardia and
lower RSA.
Our neural baroreflex component encompasses various
aspects of cardiovagal function. However, the link between
this aspect of baroreflex control and RSA may indicate that
significant age-related neural deficits exist beyond the affer-
ent baroreceptive nerves. For example, there is evidence of
altered central autonomic integration (33), reduced vagal
outflow (34) and lower muscarinic sinoatrial node receptor
density (6) with advancing age. Our findings suggest that
these declines may play a direct role in age-related reduc-
tions of both resting vagal tone and cardiovagal baroreflex
gain.
Clinical implications. Although carotid distensibility cor-
relates to baroreflex sensitivity in heart disease patients (35),
Eckberg et al. (30) concluded, over 30 years ago, that
reduced compliance could not fully explain the baroreflex
derangement they observed. In their examination of patients
with a range of heart diseases not known to involve
autonomic nerves directly, they found blunted tachycardiac
responses to vagal blockade and a level of baroreflex impair-
ment related directly to the severity of cardiac symptoms.
Subsequent work has made use of RSA to characterize these
vagal deficits (7,9) and to assess CV risk (8,32). However,
our data suggest that baroreflex gain and not RSA crucially
depends upon vascular function. This could explain why
baroreflex function provides a better index of risk for
malignant arrhythmias (17,36) and overall cardiac mortality
(18) than heart rate variability. Arterial stiffness may carry
risk independent of its autonomic effects, and low baroreflex
gain would encompass this risk as well as that associated
with compromised vagal function. Despite the fact that both
RSA and baroreflex gain are useful indices, our results
suggest the information contained within them differ.
Conclusions. These data provide insight to carotid arterial
distensibility, arterial baroreflex sensitivity and RSA as
Figure 3. Raw and power spectral data during paced breathing in one young and one older volunteer.
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indices for CV risk. Vascular structural declines may not
impact resting vagal tone, but they do reduce baroreflex
sensitivity. Moreover, because baroreflex gain encompasses
both vascular stiffness and vagal function, arterial baroreflex
gain may provide greater insight to CV risk than heart rate
variability indices. At the least, our data suggest that
baroreflex sensitivity and RSA are independent markers of
autonomic function.
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